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Two-color resonant four-wave mixing ~TC-RFWM! spectroscopy has been used to probe highly
excited v 50 and v 51 Rydberg states of nitric oxide. Transitions to n516– 30, v 50, Rydberg
states, and the 8p, 9 p, 7 f , 8 f , 8s, and 9s, v 51 Rydberg states from the A 2 S 1 , v 8 50 and 1
states have been recorded. The decay rate of the 8 p and 9 p, v 51 states has been extracted from
the observed line profiles by using a recently developed model for the excitation of quasibound
resonances in TC-RFWM spectroscopy. Transitions from the A 2 S 1 , v 8 51 state to the X 2 P 3/2 ,
v 9 510 state have also been observed, allowing an absolute calibration of the TC-RFWM signal
intensity. This calibration is used to determine an excited-state absorption cross section for the 9p,
v 51 Rydberg state. © 1998 American Institute of Physics. @S0021-9606~98!01625-0#

reviewed.36,37 Recent work using state-selective TC-RFWM
configurations includes the demonstration of a novel slit-jet
design that significantly improves signal strengths38 and new
measurements in a variety of molecular systems: O2, 39
NH3, 40 pyrazine,41 benzene,42 I2, 43 and H2O. 44 In NO, TCRFWM has been used in an investigation of the predissociative linewidths of the M 2 S 1 , v 51 and H 2 S 1 , H 8 2 P,
v 52 Rydberg states and the non-Rydberg B 2 p , v 526
state;45 in the determination of energies and rotational constants for several v 50 high Rydberg states;46 and in a study
of the multistate interactions between the B 2 P, v 528 and
L 2 P, v 58 valence states, and the Q 2 P, v 50 Rydberg
state.47,48
The TC-RFWM techniques have received attention because they have several valuable attributes. Unlike excitedstate detection by the fluorescence-dip method, the RFWM
techniques produce a zero-background signal and do not require the state of interest to have a significant fluorescence
quantum yield. Although they are inherently not as sensitive
as resonance-enhanced multiphoton ionization ~REMPI!,
which, in principle, can detect a single molecule, RFWM
techniques probe any absorbing transitions of a molecule,
independent of the decay channel, e.g., ionization, dissociation, or fluorescence. In this way, the spectra obtained by
using RFWM are directly related to absorption spectra, with
the significant advantage of state selection when doubleresonance techniques are used. This sensitivity allows efficient detection of states that predissociate or otherwise internally convert their energy, making their detection by other
techniques difficult. It is this aspect of the RFWM techniques
that makes them particularly well suited to the study of
excited-state decay dynamics.
Considerable progress has been made in establishing the
relationship between the intensities and linewidths observed
in TC-RFWM experiments and those of true excited-state
absorption spectra. Theoretical models of TC-RFWM based

I. INTRODUCTION

Nitric oxide serves as an important system in which to
study the dynamical properties of highly excited Rydberg
states of diatomic molecules. Further, the interplay between
experimental observations of the Rydberg states of NO using
various spectroscopic techniques and multichannel quantum
defect theory ~MQDT!,1 which provides an integrated approach to describe the dynamics of Rydberg states, has led to
significant advances in our understanding of molecular decay
mechanisms. The Rydberg series of NO have been studied in
detail, beginning with the high resolution vacuum-ultraviolet
absorption spectroscopy conducted by Miescher and
co-workers.2–4 Since then many experimental studies using
multiphoton excitation techniques have been carried out on
highly excited Rydberg states both below5–12 and above13–27
the first ionization limit. Remarkably detailed understanding
of the photoionization dynamics of these highly excited
states has been gained through the use of energy and angleresolved photoelectron detection.26–28 The photodissociation
dynamics of the highly excited Rydberg states of NO, however, have proven more difficult to measure. What is known
about these processes has been gained through the comparison of multiphoton ionization spectra and fluorescence dip
spectra,12–14,27 and direct photofragment detection.20–22,27
These studies have shown that when both ionization and dissociation channels are open, Rydberg and valence state
interactions29–31 lead to a competition between ionization
and dissociation, resulting in Rydberg state widths and profiles that depend strongly on energy and angular momentum.
MQDT calculations32–35 have been successful in describing
this competition, and computed cross sections and linewidths
are available to make quantitative comparisons.
Two-color resonant four-wave mixing ~TC-RFWM!
techniques have emerged as effective nonlinear spectroscopic probes and many applications of four-wave mixing
techniques to gas-phase molecular spectroscopy have been
0021-9606/98/109(1)/63/9/$15.00
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on an extension of theoretical work on DFWM49 that combines diagrammatic perturbation theory with spherical tensor
analysis have been developed.50 This method has been successful in the interpretation of line intensities and line profiles observed in TC-RFWM experiments detecting bound to
bound state transitions, where the line profile has been
shown to reduce to a simple Lorentzian function of the probe
laser frequency.51 For cases where quasibound states are accessed in the four-wave mixing process, the same approach
can be used to derive the appropriate signal intensities and
line profiles. In such cases, the line profiles can exhibit pronounced asymmetries reflecting the configuration interaction
of the discrete and continuum character of the states.52
To demonstrate the utility of TC-RFWM techniques for
quantitative studies of the dynamics of Rydberg states and to
test the recent theoretical developments, highly excited and
quasibound Rydberg states in NO have been investigated.
The region just above the ionization threshold is of particular
interest because the competition between decay processes
leads to transitions that exhibit a variety of line profiles. The
region below the first ionization potential is also of interest
because the v 50 Rydberg states are known to be strongly
predissociative and some series have been difficult to observe with ionization detection. Results are presented here on
the TC-RFWM spectra of n516– 30, v 50, Rydberg states
and the 8p, 9p, 7 f , 8 f , 8s, and 9s, v 51 Rydberg states
excited through the A 2 S 1 , v 8 50 and 1 states. A model for
TC-RFWM signals arising from transitions to quasibound
resonances is applied to the observed line profiles of the 8p
and 9p, v 51 states. The decay rates extracted from the
TC-RFWM spectra are compared to multichannel quantum
defect theory ~MQDT! calculations and multiphoton ionization ~MPI! data. Transitions observed in the TC-RFWM
spectra between the A 2 S 1 , v 8 51 state, downward in energy to the v 9 510 vibrational level of the ground state are
used to calibrate the intensity of the TC-RFWM spectra.
From this calibration an excited-state cross section for the
9 p, v 51 state is derived.
II. TC-RFWM SPECTROSCOPY

TC-RFWM spectroscopy can, in many cases, be described conceptually in terms of light-induced gratings,53
hence the name laser-induced grating spectroscopy ~LIGS!
and the labeling of the incident laser beams as grating and
probe light in the four-wave mixing process. The technique
is applied by crossing two laser beams at a small angle in a
medium where they interfere to produce a sinusoidal modulation of light intensity. When the wavelength is tuned to a
transition in the sample, the varying light intensity produces
alternating regions of excited and ground-state populations.
These alternating regions result in a Bragg diffraction grating
characterized by a varying absorption coefficient and index
of refraction. In this case, the grating is called a population
grating because it arises from a population transfer due to
excitation caused by the grating-forming laser beam. A signal is produced by scattering a third laser beam, the probe,
off this grating to produce a fourth beam that propagates in a
unique, well-defined direction. The four-wave mixing process is strongly enhanced when the frequency of the light

FIG. 1. Experimental arrangement for the TC-RFWM spectroscopy of NO.

corresponds to a molecular transition because of the resonant
behavior of the third-order nonlinear susceptibility, x~3!, of
the sample. A spectrum can be obtained by monitoring the
intensity of the scattered signal beam as a function of the
frequency of any of the input beams.
The TC-RFWM excitation schemes used in the experimental work presented here are shown in Fig. 1. Grating
transitions are made between rovibrational levels of the
X 2 P 1/2 ground and A 2 S 1 excited electronic states of NO.
Probe transitions are made between the A 2 S 1 state and the
higher lying Rydberg states. Excited-state spectra are obtained by tuning the grating laser beam to a particular
A 2 S 1 ←X 2 P 1/2 , rovibrational transition and scanning the
probe beam frequency over (NO1 X 1 S 1 )nl←A 2 S 1 transitions while monitoring the intensity of the signal beam generated in the four-wave mixing process.
Diagrammatic perturbation theory provides a framework
in which to calculate the x~3! of the sample and thus the
signal observed in RFWM spectroscopy.53–57 For the experimental conditions and geometry of the work presented here,
the TC-RFWM signal intensity as a function of the probelaser frequency has been given by Williams and co-workers
as50
S ~ v p ! }N 2 u ^ i u m u e & u 4 u ^ e u m u f & u 4 T~ v p ! I 2g I p ,

~1!

where N is the number density of the medium, and I g and I p
are the grating light and probe light intensities, respectively.
Here we have assumed that the probe and grating light are
linearly polarized, parallel to each other and that their bandwidths are negligible. The matrix element u ^ i u m u e & u represents the molecular dipole transition moment from the initial
state to the intermediate excited state to which the grating
light is tuned, and the matrix element u ^ e u m u f & u is the molecular dipole transition moment from the intermediate excited state to the final state across which the probe light is
frequency tuned to obtain the TC-RFWM spectra. With the
grating light on resonance, the line profile T( v p ) as a function of the probe light frequency can be expressed as51
T~ v p ! 5

1

1

3
.
G 4e ~ v p 2 v R ! 2 1 ~ G/2! 2

~2!

Equation ~2! describes a Lorentzian profile as a function of
the probe laser frequency v p with a full width at halfmaximum ~FWHM!, G, and a peak resonance position at
v R . Here, G e is the decay rate of the intermediate excited
state and G is the decay rate of the Rydberg state. Decay
times are given by
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t ~ s! 5

1
.
2 p cG ~ cm21 !

~3!

The signal expression in Eq. ~1! applies to four-wave
mixing schemes that access discrete states of a system. The
analysis of the TC-RFWM signal when a state in the excitation scheme has a continuum character, such as the n p
Rydberg states probed in this study, requires a modified expression for the signal. A RFWM signal is calculated, in
general, by summing over all of the states of the system in
which the four-wave mixing is taking place. In practice, the
application of the rotating-wave approximation ~RWA! simplifies the calculation by determining a subset of resonant
and nearly resonant terms that contribute significantly to the
sum. When this procedure is carried out for the case of an
isolated upper level resonance that consists of both a discrete
and continuum character, the signal can be expressed as52
S ~ v p ! }N u ^ i u m u e & u
2

3

SE

Dh

4

u^ eumuh &u2L~ v p , v g ; h !d h

D

v p2 v R
,
G/2

2

I 2g I p .

~4!

~5!

where v R is the unperturbed resonance position of the discrete state, has been introduced to characterize the eigenstates, uh&, of the coupled discrete and continuum state configurations. Here, L( v p , v g ; h ) is a complex line shape
factor. Applying the RWA in the analysis results in a range,
D h , of continuum states, uh&, that must be included in the
summation process.
In the configuration-interaction model, the transition
probability for excitation of the eigenstate uh& is given by the
well-known Beutler–Fano line profile,58,59
u ^ e u m u h & u 2 5p c

~ q1 h ! 2
1p u ,
11 h 2

~6!

where p c is the probability of exciting the continuum,
u ^ e u m u c & u 2 , and p u is the probability of making transitions to
other uncoupled continua not interacting with the discrete
state. The asymmetry parameter, q, is a measure of the relative strengths of the continuum and discrete dipole moments
scaled by the interaction Hamiltonian, V. It is given by58
q[

^humue&
,
p ^ R u V u c &^ c u m u e &

S ~ v p ! }N 2 u ^ i u m u e & u 4 u ^ e u m u c & u 4 T~ v p ! I 2g I p ,

~8!

where the line shape function, T( v p ), is given by
T~ v p !

5

1
G 4e

S

S

~ v p2 v R !
G/2
2
2
~ v p 2 v R ! 14 ~ G/2!

~ q 2 12r11 ! 2 1 2q1 ~ 11r !

DD
2

,
~9!

with r[p u /p c . The constants of proportionality omitted in
Eqs. ~1! and ~8! are the same in both cases. By fitting the
appropriate lineshape functions to observed TC-RFWM profiles, valuable dynamical information in the form of the r, q,
and G parameters can be determined.
III. EXPERIMENT
A. Spectroscopic background

Here a configuration-interaction model58 to describe the
quasibound resonance in terms of a continuum states, u c & ,
and discrete state, u R & , coupled by an interaction Hamiltonian, V, has been used. The energy index,

h[

65

~7!

with G} u ^ R u V u c & u 2 .
By substituting the transition probability given by Eq.
~6! into the expression for the TC-RFWM signal in Eq. ~4!
and then integrating, assuming q, p c , and p u are energy
independent near h 50, the following expression for the TCRFWM signal for probing a quasibound resonance is
obtained:52

The levels accessed in the excitation scheme shown in
Fig. 1 are denoted as follows:
A 2 S 1 , v 8 ,N 1 8 ,N 8 ,J 8 ←X 2 P 1/2 , v 9 50, J 9 ,
1

1

1

1

~10!

1

~ NO X S ! nl, v ,N ,N,J←A S , v 8 ,N 8 ,N 8 ,J 8 .
~11!
1

2

Throughout the discussion, levels of the X 2 P 1/2 state are
denoted with double primes, levels of the A 2 S 1 state are
denoted with single primes, and Rydberg levels of v 50 and
1 are denoted without primes. For low rotational levels, the
X 2 P 1/2,3/2 states are best described by using Hund’s case ~a!
coupling. The F 1 component with V 9 5 21 is well separated
from the F 2 component with V 9 5 23 , which lies 124.9 cm21
higher in energy.60 The A 2 S 1 state is close to Hund’s case
~b! coupling and is described by the total angular momentum, J 8 , the total angular momentum exclusive of spin, N 8 ,
and the rotational angular momentum of the NO1 ion core,
N 1 8 . Although N 1 is not generally a good quantum number
in Hund’s case ~b! coupling, N 8 5N 1 8 for the A 2 S 1 state
because the excited electron is in the 3s s orbital. The levels
are labeled F 1 for J 8 5N 8 1 21 and F 2 for J 8 5N 8 2 21 , where
1
2 is total electronic spin of the molecule. The gratingforming transitions in Eq. ~10! are denoted in the standard
way, for example, R 21(J 9 ) indicates a transition from the
X 2 P 1/2 ~the F 1 component! state to the F 2 component of the
A 2 S 1 state, and J 8 5J 9 11. The splitting between the different J 8 levels with the same value of N 8 is not resolved in
the present study. Because the O 21 branch, however, is not
allowed in single-photon excitation for parity reasons, the
P 11 branch is not overlapped and it can be used to selectively
excite a pure F 1 spin state, i.e., a single J 8 level, for a series
of N 8 levels.
High Rydberg states are generally described by using
Hund’s case ~d! coupling in which, l, the angular momentum
of the Rydberg electron, is uncoupled from the nuclear axis
and N 1 , the rotational angular momentum of the NO1 ion
core, and N, the total angular momentum exclusive of spin,
are good quantum numbers. The projection of l on the internuclear axis is denoted L and the total angular momentum,
N, takes on the values N5N 1 1L. The F components
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FIG. 3. The TC-RFWM spectrum obtained by tuning the grating-forming
lasers to the R 11(1.5) branch of the A 2 S 1 , v 8 51←X 2 P 1/2 , v 9 50 transition and scanning the probe laser in the energy region of transitions to
several (NO1X 1 S 1 )nl, v 51 Rydberg states lying at and just above the
v 50 ionization potential.
FIG. 2. The TC-RFWM schemes used to probe the (NO1X 1 S 1 )nl,
v 50 and 1 Rydberg states of NO.

are defined in the same way as described above (F 1 for J
5N1 21 and F 2 for J5N2 21!. Because the F components are
not resolved in the present study, the probe transitions in Eq.
1
~11! are denoted in terms of N as N 8 2N DN L .
Because the electron is decoupled from the molecular
axis in both the A 2 S 1 state and the high Rydberg states,
transitions between different F components are weak. Thus,
F 1 ←F 18 transitions are expected to be much stronger than
F 2 ←F 18 transitions. Similarly, because the coupling between
l of the Rydberg electron and the rotation of the nuclei is
small in both the A 2 S 1 state, which has l50, and the high
Rydberg states, transitions with N 1 2N 8 5N 1 2N 1 8 50 are
expected to be strongest.
The orbital of the excited electron in the A 2 S 1 state is
predominantly 3s with small amounts of d and p character
mixed in.61 This suggests that while transitions to the n p
Rydberg states will be strongest, transitions to ns, nd, and
n f Rydberg states are also allowed. The allowed singlephoton transitions from the A 2 S 1 state to the high Rydberg
states are restricted by the selection rules DJ50, 61 and an
odd parity change. This results in the following derived selection rule for the observed transitions: for even-l Rydberg
states, N 1 2N 8 must be odd and cannot be equal to zero; for
odd-l Rydberg states, N 1 2N 8 must be even and therefore
can take on the value of zero.24
B. Experimental arrangement

Figure 2 shows a schematic diagram of the experimental
arrangement. Light pulses at 226 and 215 nm, used to excited the v 8 50 and v 8 51 levels of the A 2 S 1 state, respectively, are generated by frequency doubling the output of a
pulsed Nd:YAG-pumped dye laser. Light pulses at 350 and
330 nm; used to excite the n5729, v 51 Rydberg states
and the n516– 30, v 50 Rydberg states, respectively, were
produced by a second pulsed Nd:YAG-pumped dye laser.
All laser beams were collimated to a diameter of ;2 mm and
were linearly polarized parallel to one another. Laser pulse
energies could be varied from 10 to 300 mJ per pulse. Light
pulses from the two lasers were ;8 ns in duration and data

were taken with a delay of ;20 ns between the gratingforming pulses and the probe pulses. The bandwidth of the
probe laser light was 0.4 cm21. The wavelength of the probe
laser light was calibrated by recording the optogalvanic spectra of sodium and argon simultaneously with the LIGS
spectrum.62
A molecular beam was produced by a pulsed valve operated with a backing pressure of ;1 atm of pure NO. The
major velocity component of the molecular beam was arranged to be parallel to the grating fringes to minimize the
decay of the grating due to molecular motion. With this arrangement the grating persisted for ;100 ns. Grating light,
with frequency v g 52 p c/l g , was divided into two beams
that were crossed at a small angle, Q g 53°, in the interaction
region to form the grating. Probe light, v p , was then scattered off the grating to produce the signal beam, v s . The
angle of incidence for the probe beam is restricted by the
phase-matching constraint, equivalent to the Bragg scattering
condition l g /sin(Qg/2)5l p /sin(Qp-s/2). 53 The signal beam
was detected through a spatial filter consisting of a telescope
and pinhole. A color filter was used to further reduce background due to scattered light.
IV. RESULTS AND DISCUSSION
A. v 51 Rydberg states

Figure 3 shows an example of a TC-RFWM spectra as a
function of the probe laser frequency in the energy region
from ;28 100 cm21 to ;29 100 cm21, which includes energies at and above the v 50 ionization potential of NO.
Transitions from the A 2 S 1 , v 8 51, N 8 52 level to several
members of the nl, v 51 Rydberg series are identified. TCRFWM spectra were recorded for the P 11(1.5), P 11(2.5),
R 11(0.5), R 11(1.5), R 11(2.5), and R 11(3.5) branches of the
A 2 S 1 , v 8 51←X 2 P 1/2 , v 9 50 grating transition. For each
Rydberg state, the probe transition energies observed in the
TC-RFWM spectra agree with previously reported values to
within the energy uncertainty of 0.5 cm21. These include
measured energies for the 8s and 9s, v 51 Rydberg
states,2,4,14,19 the 7 f 2,14,18,21 and 8 f , 2 v 51 Rydberg states,
and the 8p 14 and 9 p, 2,4 v 51 states. Also visible in the TC-
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TABLE I. Fit results for the 8 p and 9 p, v 51, N 1 51, N51, J51.5 Rydberg states of NO. The first uncertainty listed is the standard deviation from
multiple measurements of the line profiles; the second is the average statistical uncertainty obtained in the fits.

21

Energy (cm )
G (cm21)
q
r
C2

FIG. 4. The 8 p, v 51, N 1 51, N51, J51.5 resonance observed by TCRFWM via the P 11(1.5) branch of the A 2 S 1 , v 8 51←X 2 P 1/2 , v 9 50
grating transition and the 0 R 1 (0.5) branch of the (NO1X 1 S 1 )8 p, v 50
←A 2 S 1 , v 8 51 probe transition. The solid line is a least-squares fit of the
data to the TC-RFWM line profile given in Eq. ~9!.

RFWM spectra are additional transitions close in energy to
the 9p, v 51 states. These peaks arise from transitions
downward in energy to the v 9 510 level of the X 2 P 1/2,3/2
ground state in the four-wave mixing process.
The Rydberg states of NO probed in this study lie above
the N( 2 D)1O( 3 P) and the N( 4 S)1O( 3 P) dissociation limits to which several doublet valence states converge.
Calculations29–35 and experimental studies7–9,11,20–22,27 have
shown that the interactions of Rydberg states with valence
states lead to dissociation at varying rates that can change
depending on the angular momentum and rotational quantum
numbers of the Rydberg state. In the particular case of the
n p Rydberg series, photofragment studies20,22 provide strong
evidence that the np states observed in the present study
decay primarily by dissociation through interaction with the
continuum of the B 2 P valence state, which converges to the
N( 2 D)1O( 3 P) limit. Even above the ionization limit where
autoionization decay processes are energetically possible and
do compete with dissociation, the experimental evidence20
indicates that the 8 p and 9p, v 51 states decay predominantly through this dissociation channel.
A measurement of the decay rate of the 8 p and 9 p,
v 51 Rydberg states can be made by fitting the function in
Eq. ~9!, appropriate for the excitation of a quasibound resonance in the RFWM process, to the line profile observed in
the TC-RFWM spectra. For the 8 p and 9p, v 51 states, p c
is interpreted as the probability of transition to the dominant
B 2 P valence state coupled to the 8 p and 9p, v 51 Rydberg
states, G is the predissociative decay rate of the Rydberg
state, q is the asymmetry parameter characterizing the relative strengths of the transition moments to the Rydberg state
and the dissociative continuum, and p u is the transition probability to any noninteracting continua.
Figure 4 shows a fit of the TC-RFWM line profile in Eq.
~9! to the measured profile of the 0 R 1 (0.5) branch of the
probe transition to the N51, J51.5 level of the 8p, v 51
Rydberg state. In this case, the J 8 50.5 level of the A 2 S 1
was selectively excited by the P 11(1.5) branch of the grating
transition and thus a single J level of the Rydberg state is
accessed in the probe transition. Table I summarizes the fit
results for this transition. The q and r parameter values are

8p

9p

28 450.7 ~0.4! ~0.05!
2.85 ~0.16! ~0.06!
4.6 ~0.7! ~0.2!
9.5 ~1.6! ~0.9!

28 922.3 ~0.5! ~0.07!
1.41 ~0.25! ~0.08!
4.2 ~0.2! ~0.3!
21.3 ~2.2! ~3.2!
831 ~37! ~20!

very sensitive to the background level of the signal and care
was taken to establish the zero for the observed signal by
blocking each input laser beam to distinguish between the
contributions of any scattered light getting into the detector
and the true signal beam. The statistical uncertainties associated with the fit parameters indicate that the line profile in
Eq. ~9! does very well in characterizing all aspects of the
observed profile, including the asymmetry of the feature and
the observed background level.
In Table II, the fit results for the decay rate, G, are compared to MPI13 measurements and MQDT calculations33 of G
for the 8 p and 9 p, v 51 states. The procedure for fitting the
9 p, v 51 data is discussed below. While a comparatively
smaller width for the 9 p state is observed in both the MPI
and the TC-RFWM data, the absolute values measured with
each technique, especially for the 9 p state, are in disagreement. A comparison of the measured TC-RFWM decay rate
to the MQDT decay rate requires some discussion. The TCRFWM widths presented here were extracted from the data
by assuming a configuration interaction of the Rydberg states
with a single continuum channel. In comparison, the MQDT
treatment is more complete and includes several ionization
channels and two dissociation channels.32,33 As discussed
above, however, the decay of the 8 p and 9 p states proceeds
by dissociation through a single dominant channel,20 and
thus the simpler model is justified and the results obtained
with it can be compared to the fuller treatment. To the extent
that this is a valid approach, the good agreement observed
between the decay rates obtained by using TC-RFWM and
those calculated by MQDT, especially in the case of the 9p,
v 51 state, is meaningful.
Because the 8 p and the 9 p states belong to the same
Rydberg-state channel and both lie in the continuum energy
region of the B 2 P valence state, one might expect the q and
r parameters to be similar for the 8 p and 9 p states, and the
decay rates, G, to scale as 1/n 3 . Not all of these behaviors,
however, is observed. In the configuration interaction beTABLE II. A comparison of measured and calculated values of G (cm21)
for the 8p and 9 p, v 51 resonances.

8p
9p
a

TC-RFWM

MPIa

Calculated G (cm21) b

2.85
1.41

3.9
3.0

4.9
1.8

Multiphoton ionization spectra; Ref. 13.
MQDT calculation; Ref. 33.

b
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tween the Rydberg state and the continuum of the B 2 P
valence state, the intersection of the potential energy curve of
the 8p and the 9p Rydberg states with the inner part of the
B 2 P potential energy curve will occur at different internuclear separations that would change the overlap of the two
wave functions and could measurably affect the size of the
configuration interaction as a function of energy. The slightly
smaller decay rate observed for the 9 p state indicates a
smaller configuration interaction with the B 2 P state continuum in comparison to the 8 p state, which could be indicative of such an effect.
The r parameter can be interpreted in two ways. Making,
first, the assumption that the transition moment to the noninteracting continuum does not vary over the energy difference
between the 9 p and 8 p states, the larger r value for the 9 p
state, compared to the 8p state, implies a smaller transition
moment to the interacting continuum at the energy of the 9p
state. As described by Eq. ~7!, a smaller interaction Hamiltonian and a smaller value for p c would suggest a larger
value of q for the 9 p state. Somewhat surprisingly, however,
a nearly equal value of q is observed for the 9p state. This
result implies a transition moment for the excitation of the
perturbed 8p state that is ;2.3 times larger than the transition moment to the perturbed 9 p state. This value is almost
twice as large as the factor of 1.2 obtained by scaling the
transition moments by n 23/2. Making, instead, the assumption that the difference in the r parameter for the 8 p and the
9 p state energies is due mainly to a variation with energy of
uncoupled continua, the difference in q values for the 8 p and
9p lineshapes implies a transition moment for the excitation
of the perturbed 8p state that is only ;1.5 times larger than
the transition moment to the perturbed 9p state. In either
case, however, the differences in the parameters observed for
the 8p and 9p states that are not accounted for by n-scaling
factors are evidence for a significant variation in the structure
of the continua over an energy range equal to the energy
difference (;450 cm21) between the 8p and 9p states.

B. Excited-state absorption cross section of the 9 p ,
v 51 Rydberg state

In Fig. 3 unexpected transitions are visible in the TCRFWM spectrum close in energy to peaks corresponding to
transitions to the 9p, v 51 Rydberg state. The source of
these resonances was determined to be X 2 P 3/2,1/2 , v 9 510,
J 9 ←A 2 S 1 , v 8 , N 8 , J 8 probe transitions downward in energy in the four-wave mixing process. This explanation is
supported by the absence of these transitions in a doubleresonance MPI spectrum taken over the same energy
region63 and was further confirmed by a comparison of the
observed peak energies to transition energies calculated with
measured spectroscopic constants for the X 2 P 3/2,1/2 , v 9
510 level of the ground state.64 Because the absolute oscillator strengths and Einstein coefficients of the A 2 S 1 , v 8
←X 2 P 1/2,3/2 , v 9 transitions of NO are well established,65,66
these transitions can be used to calibrate the magnitude of
the TC-RFWM spectrum and derive a value for the
A 2 S 1 -state photoabsorption cross section of the 9p, v 51
Rydberg state.

FIG. 5. The 9p, v 51, N 1 51, N51, J51.5 and the X 2 P 3/2 , v 9 510, J 9
51.5 resonances observed by TC-RFWM via the P 11(1.5) branch of the
A 2 S 1 , v 8 51←X 2 P 1/2 , v 9 50 grating transition and the 0 R 1 (0.5) branch
of the (NO1X 1 S 1 )9 p, v 50←A 2 S 1 , v 8 51 probe transition and the
R 12(0.5) branch of X 2 P 3/2 , v 9 510←A 2 S 1 , v 8 51 probe transition, respectively.

Neglecting any possible coherent addition of the x~3!
amplitudes, the sum consisting of the line shapes given by
Eqs. ~2! and ~9!,
S~ v p!}

C2
~ v p 2 v X ! 2 1 ~ G X /2! 2

F

v p2 v R
~ G R /2 !
~ v p 2 v R ! 2 14 ~ G R /2! 2

~ q 2 12r11 ! 2 1 2q1 ~ 11r !

1

G

2

,

~12!

can be fitted to the adjacent X 2 P 3/2 , v 9 510 and 9p, v
51 peaks observed in the TC-RFWM spectrum. Here, G X is
the FWHM and v X is the resonance position of the X 2 P 3/2 ,
v 9 510←A 2 S 1 , v 8 51 transition profile. Similarly, G R is
the FWHM and v R is the resonance position of the 9p, v
51←A 2 S 1 , v 8 51 transition profile. Comparing Eqs. ~1!
and ~8!, the constant C 2 is defined as the ratio of the squared
transition probabilities,
u ^ e u m u f & u 4 m 4e f
C 5
5 2 .
u^eumuc&u4
pc
2

~13!

Because in both transitions the same J is accessed, specific
expressions for the rotational line strengths in each case are
not required in this analysis.
The results of the fit of Eq. ~12! to the X 2 P 1/2 ,
v 9 510←A 2 S 1 , v 8 51 and the 9p v 51←A 2 S 1 , v 8 51
transitions are shown in Fig. 5 and values for the fitted parameters are given in Table II. To obtain these results, G X
was set equal to the bandwidth of the probe laser since the
linewidth that would result from the natural rate of decay of
this state is much less than the laser bandwidth. The energy
of the transition to the J 9 51.5 level of the X 2 P 1/2 , v 9
510 state was determined in the fit to be 28 918.1 cm21, in
good agreement with previous measurements of X 2 P 1/2 ,
v 9 510 state energies.64
From the fit results the cross section for photoabsorption
of the 9 p, v 51 state from the A 2 S 1 , v 8 51 state can be
calculated. The cross section can be expressed in terms of the
continuum states as65
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s~ v p!5

pv p
u^ eumuh &u2.
3\c e 0

69

~14!

Substituting Eq. ~6! into this expression, the cross section is
expressed in terms of the fit parameters as

s~ v p!5

S

D

p n ~ cm21! u m f e u 2 ~ q1 h ! 2
1r .
3\c e 0 G ~ cm21! C
11 h 2

~15!

The factor of G in Eq. ~15! comes from the energy normalization of the continuum states.
From the experimentally determined Einstein coefficient,
A 1,1052.9443104 s21, 66 for the X 2 P 3/2 , v 9 510
←A 2 S 1 , v 8 51 transition, a value of u ^ e u m u f & u 2 54.3
310262 C2 m2 for the transition moment is calculated. Substituting in the values for C, v , and G listed in Table II and
the dipole transition moment for the X 2 P 3/2 , v 9 510
←A 2 S 1 , v 8 51 transition, we obtain the following expression for the photoabsorption cross section for the 9 p, v 51
Rydberg state:

s ~ v p ! 51.2310

222

m

2

S

D

~ q1 h ! 2
1r .
11 h 2

~16!

The uncertainty of the excited-state cross section is estimated to be ;25%, based on variations observed in the C 2
parameter determined from several wavelength scans. The
maximum in the cross section occurs at an energy v p
5 v max , when h 51/q, which is slightly shifted from the
actual resonance position, v R , of the Rydberg state. At
v max , the term (q1 h ) 2 /(11 h 2 ) becomes q 2 11. Evaluating
Eq. ~16! at its maximum using the q and r values given in
Table II, the maximum in the cross section is found to be
46.3310222 m22 or 46.3 Mb. This maximum value is comparable to the value of 22.1 Mb for the maximum in the
ground-state photoabsorption cross section of the 9p, v 51
state calculated with a MQDT treatment by Giusti-Suzor and
Jungen.32 It is somewhat larger, however, than the value of
2.7 Mb obtained for the 9p, v 51 state by scaling by n 23 the
cross section value of 0.94 Mb for the 13p, v 51 state measured by using fluorescence depletion in the A 2 S 1 state.13
The uncertainties given in Tables I and II only include
the statistical uncertainties of the fits and the standard deviation of multiple measurements. Other sources of experimental uncertainty include possible power broadening of the
transitions and the effect of the finite bandwidth of the probe
laser on the line profiles. Probe laser power studies were
conducted to examine the behavior of the linewidths as a
function of the power of the probe laser pulses. For probepulse energies below 100 mJ, the fitted linewidths did not
measurably change. Above 100 mJ, the widths began to increase with increasing laser power. The magnitude of the
TC-RFWM signal was also examined as a function of the
probe laser power. As expected from Eqs. ~1! and ~4!, the
TC-RFWM signal varied linearly with the energy of the
probe pulses for values below 150 mJ. At pulse energies
greater than 150 mJ, the signal intensity began to saturate. As
a consequence of this observed trend with laser power, the
parameter results presented here are based on data taken with
probe-pulse energies below 100 mJ.

FIG. 6. The TC-RFWM spectrum obtained by tuning the grating forming
laser to the R 11(2.5) branch of the A 2 S 1 , v 8 51←X 2 P 1/2 , v 9 50 transition and scanning the probe laser in the energy region of transitions to
numerous (NO1X 1 S 1 )nl, v 50 Rydberg states lying below the v 50 ionization potential.

The laser bandwidth of the 350 nm probe radiation is
;0.4 cm21. An estimate of the effect of this finite bandwidth
on the extracted widths of the predissociating Rydberg states
was assessed by doing a numerical convolution of a Gaussian curve with a FWHM of 0.4 cm21 with the TC-RFWM
line profile given in Eq. ~9!, incorporating the parameters
observed for the 0 R 1 (0.5) branch of the probe transition to
the 8 p, v 51 state. The effect on the apparent width of the
profile was less than ;5% for this case. An analytic expression for the TC-RFWM line profile that includes finite laser
bandwidth effects would be useful and is currently being
investigated.
C. v 50 Rydberg states

Figure 6 shows the TC-RFWM spectrum observed via
the R 11(2.5) branch of the A 2 S 1 , v 8 51←X 2 P 1/2 , v 9
50 grating transition as a function of the probe laser frequency in the energy region from 30 000 cm21 to the ionization potential near 30 550 cm21. Transitions from the
A 2 S 1 , v 8 50, J 8 53.5, N 8 53 level to members of the np
and n f Rydberg series are observed, and their term energies
and quantum defects are reported in Table III. The strong
transitions observed in this spectra are identified as belonging to the n p series converging to the v 1 50, N 1 53 level of
the ground state of the NO1 ion. The weaker series consist of
transitions to levels of the n f states converging principally to
the N 1 55 level of the ion core. These Rydberg series can be
analyzed with the well-known Rydberg formula,
E5IPv 1 ,N 1 2

Ry
.
~ n2 d ! 2

~17!

The best fit of Eq. ~17! to the observed energies of the
n p, v 50 series is obtained with a quantum defect of 0.71
60.01 and an ionization potential of 74745.960.4 cm21 for
the v 1 50, N 1 53 level of the ion core. By using the rotational constant for the ground vibrational state of the ion, B
51.997 cm21, 60 the ionization potential for the rotationless
core is found to be IP0,0574721.960.4 cm21, which is in
good agreement with the value of 74 721.6760.10 cm21
measured by Biernacki et al.18 A fit of Eq. ~17! to the ob-
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TABLE III. Term energies, quantum defects, and assignments of the
(NO1X 1 S 1 )np and n f , v 50 Rydberg states observed by TC-RFWM via
the J 8 53.5, N 8 53 level of the A 2 S 1 , v 8 50 state (44 222.77 cm21). The
uncertainty in the energies is 60.5 cm21.
nl

Energy (cm21)

16p
17p
16f
18p
17f
19p
19f
18f
20p
21p
22p
20f
23p
21f
24p
25p
26p
27p
28p
29p
30p

74 276.4
74 333.2
74 352.6
74 379.6
74 402.4
74 416.6
74 419.1
74 443.1
74 450.3
74 478.7
74 502.2
74 505.8
74 524.4
74 532.9
74 543.5
74 560.4
74 575.2
74 587.2
74 599.1
74 609.2
74 617.9

d (N 1 51)

d (N 1 53)

d (N 1 55)

0.71
0.69
0.01
0.69
20.01
0.74
0.08
0.00
0.73
0.72
0.77
0.05
0.73
20.01
0.70
0.66
0.62
0.68
0.63
0.64
0.69

served energies of the n f series converging to the v 1 50,
N 1 55 level of the ion core yields a quantum defect of d
50.0060.04 and an IP0,0574721.460.4 cm21, also in good
agreement with previous measurements and the result from
the analysis of the np series.
The background level above zero in Fig. 6 is a real
FWM signal that indicates the contribution of a continuum to
the signal. This energy region includes the continua of the
B 2 P, L 2 P, B 8 2 D, and I 2 S 1 states, which converge to
the N( 2 D)1O( 3 P) dissociation limit, and the A 8 2 S state,
which converges to the N( 4 S)1O( 3 P) dissociation limit,
thus several states could be contributing to the observed continuum signal in this region.
For intermediate and higher values of principal quantum
number, the v 50 Rydberg states of NO have been difficult
to observe in the past because of their low ionization efficiency and significant rates of predissociation. As noted recently by Geng et al.,46 who have made similar measurements to those reported here in an energy range that includes
several n57 – 13, v 50 Rydberg states, these results demonstrate that TC-RFWM can provide a useful alternative technique that in some circumstances may be better suited than
photoionization to detect rapidly decaying states with competing ionization and dissociation decay processes. In the
energy region probed by this study, Ebata et al.5,6 used twocolor multiphoton ionization through the A 2 S 1 state to excite high-lying, v 50, np Rydberg states of NO in a room
temperature cell. The Rydberg states were then detected by
collisional ionization. They reported energies for n p states
from n515– 30 converging to the N 1 50 level of the ion.
The energies reported here for the np series converging to
the N 1 53 level of NO1 in Table III are consistent with
these previous measurements. To our knowledge, energies

for the n516– 21 members of the v 50, n f Rydberg states
have not been reported before.
V. CONCLUSIONS

Nonlinear optical techniques continue to be developed
and applied as distinct and useful probes in gas-phase molecular spectroscopy. The absorption-like nature of the TCRFWM signal makes it a particularly favorable approach for
the study of excited states that rapidly convert their energy
and therefore are difficult to observe with fluorescence or
ionization techniques. Here, Rydberg states of NO both
above and below the first ionization potential have been observed by using TC-RFWM spectroscopy. The observation
of the v 50 Rydberg states by using the zero-background
TC-RFWM technique in field-free conditions illustrates the
advantages this technique can offer.
The possibility of doing quantitative dynamical studies
on highly excited and rapidly decaying molecular Rydberg
states by using TC-RFWM techniques has also been demonstrated. Decay times of the quasibound 8 p and 9p, v 51
Rydberg states have been extracted from the observed spectra by using a recently developed theoretical model for the
TC-RFWM signal intensities and line profiles of quasibound
states whose decay dynamics are well described by a
configuration-interaction treatment. The decay rates have
been compared to those computed from MQDT calculations
and observed previously in MPI measurements. In addition,
transitions observed in the TC-RFWM spectra from the
A 2 S 1 , v 8 51 state downward in energy to the v 9 510 vibrational level of the X 2 P 3/2 ground state have been used to
derive a cross section of 46.3 Mb for absorption from the
A 2 S 1 , v 8 51 state to the 9 p, v 51 Rydberg state.
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